Wheat straw smoke aerosols and liquid smoke condensates reduced significantly both the viability and the ice-nucleating activity of Pseudomonas syringae pv. syringae and Erwinia herbicola in vitro and on leaf surfaces in vivo. Highly significant reductions in numbers of bacterial ice nuclei on the surface of both corn and almond were observed after exposure to smoke aerosols. At -5°C, frost injury to corn seedlings colonized by ice nucleation-active bacteria was reduced after exposure to smoke aerosols. Effects on -9°C ice nuclei, although significant, were less than on ice nuclei active at -5°C. These results suggest that smoke from wildfires or smudge pots may reduce plant frost susceptibility and sources of ice nuclei important in other natural processes under some conditions. Nearly all plant species investigated from temperate regions of North America are colonized by large numbers of ice nucleation-active (INA) bacteria (20, 22, 24) . Pathotypes of bacteria now grouped under the nomenspecies Pseudomonas syringae van Hall (6) and strains of Erwinia herbicola (Lohnis) Dye constitute the majority of INA bacteria on plant surfaces (24). Occasionally, INA strains of Pseudomonas fluorescens Migula (26) are also found on certain plant species (19a). Leaf surface populations of these bacterial species limit supercooling in the plants on which they reside by initiating damaging ice formation at temperatures of -1.5 to -5°C (1, 22, 23) .
Nearly all plant species investigated from temperate regions of North America are colonized by large numbers of ice nucleation-active (INA) bacteria (20, 22, 24) . Pathotypes of bacteria now grouped under the nomenspecies Pseudomonas syringae van Hall (6) and strains of Erwinia herbicola (Lohnis) Dye constitute the majority of INA bacteria on plant surfaces (24) . Occasionally, INA strains of Pseudomonas fluorescens Migula (26) are also found on certain plant species (19a) . Leaf surface populations of these bacterial species limit supercooling in the plants on which they reside by initiating damaging ice formation at temperatures of -1.5 to -5°C (1, 22, 23) .
Frost-sensitive plants or plant parts cannot tolerate ice crystal formation within their tissues. Ice crystals within sensitive plant tissues propagate rapidly both intercellularly and intracellularly, causing mechanical breakdown of plant tissue and finally death (3-5, 17, 29) . Because plants do not have intrinsic ice nuclei active at temperatures above -5°C, ice nuclei contributed by INA bacteria have a primary role in limiting supercooling and thus in inciting frost damage to frost-sensitive plants in nature (22) .
Whereas the presence of INA bacteria on frost-sensitive plants is detrimental to their survival at temperatures below 0C, these bacteria may increase the survival offrost-tolerant plants such as potato (Solanum tuberosum). In frosttolerant plants, the initiation of ice formation at temperatures close to 0°C prevents the subsequent, more damaging, nonequilibrium ice formation in intercellular spaces (3, 17, 29) . The initiation of ice formation at temperatures close to 0°C in potato by ice-nucleating agents allowed cooling to its hardiness potential (33) by preventing damaging nonequilibrium ice formation. Since the frost-tolerant plant tissues investigated do not exhibit significant ice nucleation activity above -5°C (22, 33) , INA bacteria could be beneficial to these plants by catalyzing slow, nondamaging ice formation at temperatures close to 0°C.
The presence of ice nuclei in the atmosphere is important in precipitation processes (14, 35, 38) . Whereas ice nuclei active at temperatures as warm as -2°C have been found in the atmosphere, common ice nuclei such as dust particles and meteoric dust account only for ice nuclei active at temperatures lower than -10°C (14, 35) . A number of substances nucleate ice at temperatures above -8°C, including silver iodide (43), amino acids (31, 32), a-phenazine (11), steroids (10), metaldehyde (9) , and others (35) . However, the concentration of these compounds in the atmosphere is low. Several workers have suggested that INA bacteria may be important in atmospheric precipitation processes by contributing ice nuclei active at temperatures close to 0°C (25, 35, 38, 42) . Several workers have recently reported the presence of INA bacteria in the atmosphere (13, 18, 19, 40) .
It has long been recognized that smoke and other atmospheric pollutants can be toxic to microorganisms. Indeed, smoke has been used historically to protect meat and fish against microbial decay. Smokes from various sources have been shown to be toxic to a number of bacteria (2, 7, 12, 15, 34, 41) and fungi (28, 30 (1, 23) . Bacteria were maintained on either nutrient agar containing 2.5% (vol/vol) glycerol (NGA) (for some uses, 100 ,ug of cycloheximide per ml was added) or King medium B (KB) prepared as described by King et al. (16) .
Bacteria for inoculation of greenhouse-grown plants or for testing of ice-nucleating activity were grown on NGA or KB, harvested with a loop, and suspended in sterile, distilled water. Bacteria were enumerated by plating serial dilutions of the suspensions on NGA or KB and counting the colonies after incubation at room temperature (21 + 2°C) for 48 h.
Measurement of bacterial ice nucleation activity. Measurement of ice nucleation activity of INA bacteria at either -5 or -9°C was as described previously (23) . Aluminum foil was sprayed with a 1% (wt/vol) solution of paraffin in xylene, the xylene was removed in a 55°C circulating oven, and the edges of the foil were folded up to give a flat-bottomed "boat" which was floated on a constant-temperature circulating ethanol bath maintained at either -5 or -9°C. The boat was carefully placed on the ethanol bath to prevent trapping air between the aluminum foil and the liquid coolant. Forty 10-iLl droplets of appropriate dilutions of bacterial suspensions or leaf washings were placed on the aluminum foil, and subsequent freezing was observed. The cumulative ice nucleus concentration was determined from the number of frozen droplets in each suspension by the equation of Vali (37) .
The cumulative ice nucleus spectra of bacterial suspensions were determined by a procedure similar to that described by Vali and reported previously (22 Vali (37) and corrected for the dilution of bacteria being measured. Production of smoke. Smoke was generated by burning dried barley or wheat straw in a ventilated incinerator. Smoke was cooled to ambient air temperature and piped into a chamber containing test materials, as described previously by Parmeter and Uhrenholdt (30) . Preliminary studies had indicated that pine needles, grass clippings, and straw of various kinds all resulted in smokes of similar toxicity (30; Zagory, unpublished data). Since straw is easily obtained and provides a uniform fuel source, it was used as fuel in this study. In some studies, a liquid smoke condensate (LSC), collected as it condensed and dripped from the pipe during smoke cooling, was used instead of gaseous smoke. In field studies, smoke was generated in a small portable burner and injected into a polypropylene bag covering an almond branch.
In vitro smoke toxicity experiments. Cells of P. syringae or E. herbicola grown on NGA or KB medium for 2 or 3 days at 21°C were harvested with a loop and suspended in sterile, distilled water. Aliquots (100 Iul) of bacterial suspension were placed on Gelman Metricel membrane filters GA-6 (0.46 p.m) on agar medium (NGA or 2.0o water agar) to which had been added LSC. Alternatively, the membrane filters were exposed to smoke in the smoke chamber and placed on untreated NGA or water agar, and bacterial suspensions were added and incubated for 4 h. Each filter was then placed in a tube of sterile, distilled water and agitated for 30 s to remove the bacteria. The ice nucleation activity of the bacterial suspensions was determined as given above. The viability of the bacteria was determined by dilution plating on KB.
The effect of smoke on bacterial populations was also assayed by adding 0.1-ml aqueous suspensions of INA bacteria (either P. syringae or E. herbicola) to molten (50°C) NGA medium containing LSC. The agar was then immediately poured into petri dishes and incubated at 21°C for 2 days, and the bacterial colonies were counted. Treatments were replicated nine times.
Comparison populations were determined by adding bacterial suspensions to molten NGA without added LSC.
Measurement of leaf surface bacterial populations and ice nuclei. Populations of leaf surface bacteria were determined from dilution plating of leaf washings on KB. Populations of bacteria producing fluorescent pigments were enumerated by counting colonies producing a blue or green fluorescence while illuminated with long-wave (366 nm) UV light. Leaf surface bacteria active in ice nucleation at -5°C were determined with a replica freezing technique previously described (24) . Leaf surface INA bacteria active as ice nuclei at either -5 or -9°C were enumerated with the dropletfreezing procedure described above. At least 40 10 
RESULTS
In vitro smoke toxicity. Liquid smoke in NGA reduced the viability of P. syringae isolate 31 or E. herbicola cells incorporated into this medium. Within a range of 0 to 0.3% liquid smoke, the reduction was generally proportional to the concentration of liquid smoke in the medium (Fig. 1) . The number of ice nuclei active at -5°C expressed by P. syringae isolate 31 was reduced when exposed for only 4 h to LSC (Fig. 2) . Ice nucleation by P. syringae isolate 31 at -5°C decreased with increasing concentrations of LSC to which it was exposed while on filters (Fig. 2) .
To differentiate between reduction of viable bacteria and diminution in ice nucleation capacity of bacteria, nucleation activity, quantified by the droplet-freezing assay of bacteria incubated on membrane filters exposed to smoke, was correlated with populations of viable bacteria on those filters. Two INA strains of P. syringae were used: P. syringae isolate 31 of previous tests and a radiata pine (Pinus radiata D. Don.) P. syringae pv. syringae isolate (M2B-CJ) of known ice nucleation activity (Zagory, unpub- Both quantitative and qualitative changes in the ice nucleation activity of P. syringae isolate 31 were observed after exposure of cells to smoke for 15 min while on a membrane filter (Fig. 3) . All ice nucleation activity at temperatures above -6°C was eliminated upon exposure to smoke for 15 min, but the ice nucleation activity of smoked cells approached that of control cells at temperatures below -10°C (Fig.  3) . Thus, the effect of brief exposure to smoke was to reduce greatly the warm-temperature ice nucleation activity of P. syringae isolate 31 ( Table 1) .
Effects of smoke on plant frost sensitivity. Greenhouse-grown corn seedlings, either with or without established leaf surface populations of P. syringae isolate 31, were exposed briefly (2 to 6 min) to dense aerosols of barley straw smoke. Plant treatments included bacterial inoculation before smoking, after smoking, and without smoking, plus smoking without bacteria inoculation. Unsmoked, uninoculated controls were also included. A mean value, d, for the fraction of leaves damaged by frost was tabulated for five repetitions of this corn-freezing experiment. The number of nuclei per leaf could be APPL. ENVIRON. MICROBIOL. calculated similar to the quantification of ice nuclei in droplet-freezing experiments (37) or by the multiple-infection transformation proposed for plant pathogens (39) , assuming that under the conditions of the experiment ice spread from leaf to leaf was negligible, the weight of each leaf was constant, and a single ice nucleus was sufficient to initiate ice formation and thus frost injury in each leaf. The average number of nuclei per leaf, n, could be calculated as n = ln(1/1 -d).
Exposure of plants to smoke reduced significantly the number of ice nuclei per leaf when smoking occurred after establishment of bacterial populations on plants ( Table 2 ). The number of ice nuclei on plants smoked before inoculation with P. syringae isolate 31 did not differ significantly from populations on unsmoked inoculated control plants (Table 2) , perhaps because much of the smoke residue was washed from plants during inoculation and moist incubation of bacterial suspensions on leaves. Both smoked and unsmoked, uninoculated plants had negligible ice nuclei compared with inoculated plants (Table 2) .
Since smoke exposure was shown to reduce the viability and ice nucleation activity of INA bacteria both in vitro and on plants under controlled conditions, and since genetic differences in sensitivity to smoke were apparent in two different strains of P. syringae pv. syringae, field-grown plant material was subjected to smoke exposure to determine the importance of smoke on the ecology of a mixture of different INA bacteria under natural conditions. Large populations of INA bacteria were observed on untreated almond leaves by 1 April in a California location (Table 3) . Nearly all strains of INA bacteria isolated from almond leaves on 1 April exhibited negative oxidase and arginine dihydrolase reactions and produced a green fluorescent pigment; thus, they were tentatively classified as P. syringae (6) . Considerable morphological variation was observed among these INA bacterial strains. Total populations of bacteria, as well as populations of fluorescent and INA bacteria, were significantly reduced upon exposure of almond leaves to an aerosol of smoke for 15 min (Table 3 ). The numbers of ice nuclei that were active at either -5 or -9°C were also significantly reduced by exposure to smoke (Table 3) . Whereas significant reductions in ice nucleation activity of INA bacteria were observed at both -5 and -9°C, a greater reduction in activity of ice nuclei active at temperatures above -5°C was observed (Table 3) . DISCUSSION Both LSC and smoke aerosols reduced the viability and the ice nucleation activity both in vitro and in nature of the two most prevalent INA bacteria on plants. Apparent differences in sensitivity to smoke were observed among dif- Fig. 2 and 3 ; Table 1 ), the ice nucleation activity at -9°C was either unaffected or only moderately reduced in different experiments ( Fig. 3 ; Table 1 ). Thus, the ice nucleation activity at colder temperatures may be much less sensitive to smoke than that at warmer temperatures; The magnitude of reduction of ice nucleation activity at -9°C was variable. Uniformity of gaseous smoke dosages is difficult to produce or to quantify (30) . Some variation may reside with this difficulty. Brief exposures to smoke aerosols significantly reduced the numbers of bacterial ice nuclei on plant surfaces (Tables 2 and 3 ). The frost sensitivity of treated plants at temperatures above -5°C was reduced (Table 2 ) with the reduction of bacterial ice nuclei on corn leaves. Large reductions in populations of viable bacteria and in ice nuclei were observed on field-grown almond plants (Table 3) . However, the reduction in bacterial populations on almond does not fully account for the larger reduction in numbers of 
